E2F1 is a potent inducer of apoptosis whereas its relative, E2F4, generally does not promote cell death. Other work from our laboratory has demonstrated that E2F1 can directly bind and represss the Mcl-1 promoter ± contributing to E2F1-mediated apoptosis. Here we show that while E2F1 can repress the Mcl-1 promoter, other members of the E2F family (such as E2F4) cannot. Characterization of the Mcl-1 promoter demonstrates that the 7143/+10 region is critical for E2F1-mediated downregulation. We demonstrate that the ability of E2F1 to repress the Mcl-1 promoter correlates with its ability to bind within the required 7143/+10 region of this promoter. In contrast, E2F4 is unable to bind to the 7143/+10 region of the Mcl-1 promoter. We propose that E2F4 is unable to repress the Mcl-1 promoter primarily as a result of insucient binding to the essential regulatory region. This is the ®rst evidence of DNA binding speci®city among E2F family members that results in dierential regulation of a naturally occurring promoter.
Introduction
The E2F family of transcription factors is involved in regulating a variety of cellular processes including proliferation, DNA replication, dierentiation and apoptosis (Harbour and Dean, 2000) . Currently, seven members of the E2F family have been characterized (E2F1-6, and E2F-3B) (Cartwright et al., 1998; He et al., 2000; Helin et al., 1992; Ivey-Hoyle et al., 1993; Kaelin et al., 1992; Lees et al., 1993; Leone et al., 2000; Sardet et al., 1995) . In order for these E2Fs to possess strong DNA binding and transcriptional activities, members of the E2F family must dimerize with members of a closely related family of proteins, known as the DP family (Girling et al., 1993; Helin et al., 1993; Huber et al., 1993; La Thangue, 1994; Rogers et al., 1996; Wu et al., 1995; Zhang and Chellappan, 1995) . Because of the relatively large number of E2F family members and because the majority of E2Fs are widely expressed in a variety of tissues (Dagnino et al., 1997a,b; Tevosian et al., 1996) , it has long been proposed that these dierent E2Fs perform dierent subsets of the functions that are attributed to the E2F family (Nevins, 1998) . In fact, several functional dierences have been observed between members of the E2F family (for a recent review, see Harbour and Dean, 2000) .
Based upon structural and functional relatedness and cell cycle expression patterns, the E2Fs may be further classi®ed into two major subfamilies: the growth-promoting E2Fs (including E2F-1, -2, and -3A) and the growth restraining E2Fs (including E2F-3B, -4, -5 and -6). The growth-promoting E2Fs are so named because these E2Fs are capable of driving quiescent ®broblasts into S phase upon overexpression, whereas the growth-restraining E2Fs induce S phase ineciently when overexpressed (DeGregori et al., 1997; Johnson et al., 1993; Qin et al., 1994; Vigo et al., 1999) . In addition, the subgrouping of E2F family members de®ne structural similarities as well. For example, E2F-1, -2 and -3 share an extended Nterminal region that is believed to play a role in controlling the stability of these E2Fs (Marti et al., 1999) . Additionally, studies indicate that the expression of the growth-promoting E2Fs is cell cycleregulated and that they are targeted for degradation by a variety of mechanisms (Hofmann et al., 1996; Martelli et al., 2001; Marti et al., 1999) . In contrast, the growth-restraining E2Fs do not possess this extended N-terminal region and are constitutively expressed throughout the cell cycle (He et al., 2000; Moberg et al., 1996; Sardet et al., 1995) . Furthermore, these growth-restraining E2Fs (in particular, E2F4) have been demonstrated to promote dierentiation in a variety of systems, whereas the growth-promoting E2Fs cannot promote dierentiation (Paramio et al., 2000; Persengiev et al., 1999; Puri et al., 1997) .
Although it is generally accepted that dierent E2F family members are responsible for dierent cellular functions, the mechanisms behind these functional speci®cities remain largely unknown. Previous work via cyclic ampli®cation and selection of targets (CASTing) has demonstrated that dierent E2F family members can select dierent subsets of DNA sequences (Tao et al., 1997) . More speci®cally, it has been shown that E2F1 is able to bind a broader variety of DNA sequences that are more divergent from the consensus sequence (TTTSGCGC) than E2F4 (Tao et al., 1997) . From this data, we hypothesize that E2F1 may be able to bind DNA sequences that E2F4 cannot and, in this manner may be able to regulate promoters that E2F4 cannot. Consequently, cellular functions that are speci®c to E2F1 (such as the ability to induce apoptosis) may exist as a result of dierential ability among the E2F family to bind particular DNA sequences within speci®c promoters. The data presented in this report support this theory, as we demonstrate that E2F4, unlike E2F1, is unable to repress the Mcl-1 promoter ± primarily as a result of insucient DNA-binding to the site recognized by E2F1.
Among other functional distinctions within the E2F family, numerous studies have shown that E2F1 (and not other family members such as E2F4) can induce apoptosis (DeGregori et al., 1997; Kowalik et al., 1995 Kowalik et al., , 1998 Qin et al., 1994; Shan and Lee, 1994; Tsai et al., 1998; Wu and Levine, 1994) . We have shown that E2F1 is able to repress the expression of the antiapoptotic Bcl-2 family member, Mcl-1 (Croxton et al., 2001) . We also found that transcriptional repression of the Mcl-1 promoter by E2F1 is direct and is a functionally relevant event in the induction of E2F1-mediated apoptosis (Croxton et al., 2001) . To better understand the role of the E2F family on the regulation of this newly characterized E2F1-responsive gene, we sought to examine the eects of each of the E2F family members on the Mcl-1 promoter. We ®nd that repression of the Mcl-1 promoter is speci®c to E2F1 (and perhaps E2F2). To elucidate a potential mechanism behind this speci®city, we compared the activity of E2F1 (which is able to repress Mcl-1) to that of E2F4 (which is unable to repress Mcl-1). We ®nd that the inability of E2F4 to repress Mcl-1 expression occurs primarily as a consequence of the inability of E2F4 to bind to the region of the Mcl-1 promoter that is required for E2F1-mediated repression. Thus, we identify a mechanism by which E2F family members exert speci®city in promoter regulation ± variation in their capacity to recognize particular DNA sequence elements within promoters.
Results

Specificity exists among the E2F family regarding Mcl-1 transcriptional repression
Work from our laboratory has demonstrated that E2F1 can directly bind, and subsequently repress, the Mcl-1 promoter (Croxton et al., 2001) . To better understand the potential role of other members of the E2F family in this event, we assessed the ability of several E2F family members to repress the Mcl-1 promoter. As shown in Figure  1a , only E2F1 and, to a lesser extent, E2F2 were capable of repressing the Mcl-1 promoter in a luciferase assay. Interestingly, even though E2F3 belongs to the growth-promoting subfamily of E2Fs, E2F3 expression had no eect on Mcl-1 promoter activity ± indicating a functional divergence within this subfamily. Likewise, neither E2F4 nor E2F5 aected Mcl-1 promoter activity. Thus, it appears that the growth-restraining E2Fs lack the ability to repress the Mcl-1 promoter. This ®nding correlates with the observed functional roles of the E2Fs in the apoptotic process, since previous work from others demonstrate that neither E2F4 nor E2F5 can induce apoptosis (Adams and Kaelin, 1996; De Gregori et al., 1997; Wang et al., 2000) . Because it has been established that a substantial fraction of E2F4 exists in the cytoplasm of the cell (Lindeman et al., 1997; Muller et al., 1997; Verona et al., 1997) , we wanted to be certain that the reason behind the observed result with E2F4 was not due to insucient nuclear accumulation of exogenous E2F4. To test this, cytoplasmic and nuclear extracts were prepared from T98G cells that had been transfected with empty pcDNA3 plasmid, E2F1-pcDNA3, or E2F4-pcDNA3 and fractions were tested for the presence of E2F1 and E2F4 via Western blot (see Figure 1b ). To demonstrate eective fractionation, the cytoplasmic protein, actin, was also measured as well as the nuclear transcription factor, Sp1. As shown in Figure 1b , high levels of exogenous E2F1 and E2F4 were detected in the nuclear fraction upon transfection into T98G cells. Thus, upon transfection, high levels of both E2F1 and E2F4 can be detected in the nucleus; and, together, Figure 1a ,b clearly demonstrates that E2F1 can repress the Mcl-1 promoter, whereas E2F4 cannot.
Ad-E2F1 and Ad-E2F4 express functional E2F protein
In an attempt to understand the mechanism behind the speci®city observed among E2F family members regarding Mcl-1 repression, we chose to compare E2F1 and E2F4 ± thereby examining the bestcharacterized member of the growth-promoting E2Fs (E2F1) and of the growth-restraining E2Fs (E2F4). To assess the biochemical and functional dierences between E2F1 and E2F4 regarding Mcl-1 repression, an adenovirus-based expression system was used Kowalik et al., 1995; Schwarz et al., 1995) . Thus, for subsequent experiments, NIH3T3 cells and T98G cells were infected with a control adenovirus, an E2F1-, or an E2F4-expressing adenovirus (Ad-Con, Ad-E2F1 or Ad-E2F4, respectively). To determine the ecacy of the viruses, electrophoretic mobility shift analyses (EMSAs) were performed. T98G cells were harvested 48 h post-infection with the adenoviruses described above, and were analysed for E2F-speci®c DNA-binding using a 90 bp fragment from the dihydrofolate reductase (DHFR) promoter as probe. As shown in Figure 2 , at 48 h post-infection, the level of E2F DNA binding is signi®cantly increased in samples infected with either Ad-E2F1 or Ad-E2F4 compared to uninfected cells or the Ad-Con-infected cells. To verify that the DNA binding activities observed are speci®c for E2F-containing complexes, antibody supershift assays were performed to con®rm the identity of the E2F subunit composition in the complexes. Figure 2 demonstrates that both the Ad-E2F1 and Ad-E2F4 viruses are eciently expressing functional E2F proteins.
E2F4 cannot repress Mcl-1 mRNA expression
We have shown that expression of E2F1 results in a dramatic decrease in Mcl-1 expression at the mRNA level. To determine whether or not E2F4 can aect the expression of Mcl-1 in a similar manner, Northern blots were performed. Figure 3 demonstrates that, unlike E2F1, E2F4 is not able to repress Mcl-1 mRNA expression after 48 h of exposure to Ad-E2F4. As previously reported, Mcl-1 message is almost completely absent after 48 h of exposure to the E2F1-expressing adenovirus (Figure 3 and Croxton et al., 2001) . These data con®rm the results observed in Figure 1 , which, taken together, strongly demonstrate that E2F1, but not E2F4, is able to repress Mcl-1 expression. Additionally, these data also suggest that the dierence between E2F1 and E2F4 regarding the ability to regulate Mcl-1 expression occurs primarily at the level of transcription.
Transcriptional regulation of Mcl-1 by E2F1 and not E2F4 results from differences in DNA sequence recognition Analysis of the Mcl-1 promoter reveals that at least eight putative E2F binding sites exist within the Figure 2 Adenovirus infection results in high expression of functional E2F proteins. T98G cells were infected with either control, E2F1-, or E2F4-expressing adenoviruses (indicated as Con., E2F1 and E2F4, respectively). After 48 h incubation with adenovirus, cells were harvested, lysed, and 20 mg of each lysate was used in electrophoretic mobility shift assays (EMSAs) to assess functional E2F expression. The speci®c E2F complexes formed on the DHFR probe are identi®ed with arrows to the right of the ®gure. Antibody supershifts (indicated as`a-E2F1' and`a-E2F4') were performed to verify the identity of the E2F in the protein/DNA complex (see Materials and methods) 7203/+10 region of the Mcl-1 promoter (see Figure  4a and Croxton et al., 2001 ). Additionally, we have shown that a speci®c putative E2F binding site (site 6, located at position 7122/7114) is critical for E2F1-mediated repression of the Mcl-1 promoter (Croxton et al., 2001) . To determine if the dierence observed between E2F1 and E2F4 regarding regulation of the Mcl-1 promoter occurs at the level of DNA binding ability, electrophoretic mobility shift assays were performed using the indicated regions of the Mcl-1 promoter (Figure 4a ) as probes. As demonstrated in Figure 4b , both E2F1 and E2F4 are capable of binding the full-length Mcl-1 promoter (7203/+10) ± which is not unexpected given that at least eight potential E2F binding sites are present in this region of the promoter.
However, when E2F binding is tested on the truncated version of the promoter which contains only three putative E2F binding sites (sites 6 ± 8, see Figure 4a ), Figure 4b illustrates that E2F4 is unable to bind this region (7143/+10) of the Mcl-1 promoter. Hence, E2F4 does not recognize the region of the promoter that is required for E2F1-mediated repression. Conversely, E2F1 is capable of binding to the truncated, 7143/+10 region of the Mcl-1 promoter just as eectively as to the full-length promoter. Thus, it appears that the inability of E2F4 to regulate the Mcl-1 promoter stems from its inability to bind the DNA in the required region of the promoter.
DNA-binding activities observed on the 7203/+10 Mcl-1 promoter are specific for E2F1 and E2F4
To demonstrate the speci®city of the E2F/DNA complexes observed in Figure 4b , EMSAs that include oligonucleotide competition and antibody supershift assays were performed using the full-length (7203/ +10) Mcl-1 promoter fragment as probe. As discussed above, both E2F1 and E2F4 are capable of binding to the full-length (7203/+10) Mcl-1 promoter (see Figure 4b , lanes 3 and 4). Figure 5 demonstrates that the E2F/DNA complexes observed on the full-length Mcl-1 promoter are speci®c for either E2F1 or E2F4, depending on which baculovirus-infected Sf9 cell lysate (E2F1/DP1 or E2F4/DP1) was incubated with the promoter probe. Cold competition assays (lanes 4 ± 7) using either a consensus E2F site-containing oligonucleotide (see lanes 4 and 5) or a mutant E2F sitecontaining oligonucleotide (lanes 6 and 7) demonstrate that both E2F1 and E2F4 can be competed o the Mcl-1 promoter DNA when a wild type E2F site is present but not when a mutant E2F site is present. Additionally, antibody supershift assays (lanes 8 ± 11) demonstrate that the complexes observed on the Mcl-1 promoter are speci®c for E2F1 (lane 8) or E2F4 (lane 11). The data in Figure 4B (and Figure 5) indicate that E2F4 is able to bind the full-length Mcl-1 promoter (7203/+10), but not in the region that is required for E2F1-mediated repression (7143/+10). To assess the eect of E2F4 binding on the activity of the Mcl-1 promoter, luciferase assays were performed. As shown in Figure 6 , upon E2F4 overexpression, there is no dierence in Mcl-1 promoter activity between the fulllength promoter (which E2F4 can bind) and the truncated promoter (which E2F4 cannot bind). This indicates that the ability of E2F4 to bind to the upstream putative E2F sites in the Mcl-1 promoter (sites 1 ± 5, see Figure 4a ), which are not required for E2F1-mediated repression, has no eect ± either positive or negative ± on Mcl-1 promoter activity. Taken together, these data suggest that repression of the Mcl-1 promoter is speci®c for E2F1, and requires the association of E2F1 with a speci®c region of the Mcl-1 promoter DNA in order for repression to occur.
Discussion
The ®nding that E2F1 can repress Mcl-1 transcription whereas E2F4 cannot is in accordance with numerous reports demonstrating that E2F1, but not E2F4, can induce apoptosis (DeGregori et al., 1997; Qin et al., 1994; Shan and Lee, 1994; Tsai et al., 1998; Wang et al., 2000; Wu and Levine, 1994) . Our data suggest that this speci®city within the E2F family regarding Mcl-1 promoter regulation occurs as a result of DNA binding capacity for the Mcl-1 promoter. The idea that E2F1 and E2F4 may recognize dierent DNA sequences is not a novel concept. In fact, this idea has been proposed by our group and others in light of the ®ndings from CASTing analyses (Ouellette et al., 1992; Tao et al., 1997) . The data presented in this report strengthen this hypothesis, and this study is the ®rst demonstration of a functional distinction between E2Fs that occurs as a result of diering DNA sequence speci®city. The immediate objective that emerges from these data is to understand the underlying mechanism behind the DNA recognition speci®city between E2F1 and E2F4. The minimal region of E2F1 that has been demonstrated to confer repression of Mcl-1 is the region spanning the DNA binding and dimerization domains (amino acids 88 ± 284) (Croxton et al., 2001 and unpublished data, R Croxton). Thus, under- Figure 5 Protein complexes formed on 7203/+10 Mcl-1 promoter are speci®c for E2F1 and E2F4. Electrophoretic mobility shift assays were performed as described in Figure 4b using the 7203/+10 region of the Mcl-1 promoter as probe. Twenty micrograms of lysate from baculovirus-infected Sf9 cells that were expressing either E2F1/DP1 or E2F4/DP1 were loaded in each lane. Competitor oligonucleotides were added at 20 ng per lane (100-fold excess) (WT=E2F consensus oligo (sc-2507 Santa Cruz), Mut=E2F mutant oligo (sc-2508, Santa Cruz)). Antibodies against E2F-1 (monoclonal, sc-251X, Santa Cruz) and E2F-4 (monoclonal, gift from J Lees, MIT) were used to supershift E2F/DP1 protein complexes Figure 6 E2F4 binding to upstream DNA elements in the Mcl-1 promoter does not aect Mcl-1 promoter activity. Luciferase assays were performed as described in Figure 1a and Materials and methods. Ten micrograms of each ®re¯y luciferase reporter plasmid (7203/+10-pGL2 or 7143/+10-pGL2) was added to each transfection. Promoter activity is depicted for each reporter plasmid relative to the luciferase activity when empty pcDNA3 plasmid was cotransfected (indicated as`7') standing the structural dierences between E2F1 and E2F4 within these domains may shed light on the mechanism involved in DNA sequence speci®city. Although it would seem that speci®city in DNA sequence selection would be a result of subtle dierences within the DNA-binding domains of these two family members, this hypothesis has not been formally tested. Additionally, because there is a higher degree of structural divergence within the dimerization domains of these E2Fs, another possibility is that subtle variations in the conformation of these E2Fs with their DP partners may confer speci®city in DNA sequence selection. In addition, it is possible that DNA elements outside the core E2F binding sequence may contribute to speci®city. Figure 7 demonstrates that the DNA sequence corresponding to the Mcl-1 E2F regulatory element is highly conserved between the mouse and human promoters and is, in fact, the only extended region of homology between the two promoters (Akgul et al., 2000; Chao et al., 1998) . Additionally, the upstream E2F sites in the Mcl-1 promoter (between 7203 and 7144) to which E2F4 can bind are not conserved between the human and mouse promoters. This lack of conservation between mouse and human promoters in the E2F4-binding region may serve to explain why E2F4 binding has no eect on promoter activity in that this region of the promoter may not be important for promoter regulation.
We have previously shown that DNA bending plays a role in E2F DNA binding (Cress and Nevins, 1996) and in DNA recognition by E2F1 and E2F4 (Tao et al., 1997) . Based upon the nucleotide sequence, we predict that the Mcl-1 E2F1 binding site represents a relatively unbent (or`¯at') E2F sequence ± which would be preferentially recognized by E2F1 and not by E2F4. Again, these possibilities will be formally tested to gain insight regarding the nature of the DNA sequence selectivity observed between these E2Fs on the Mcl-1 promoter.
One major conclusion from our work regarding E2F1's ability to repress the Mcl-1 promoter is that E2F1's DNA binding function is essential for repression to occur. Hence, the ®nding that E2F4 is unable to regulate the Mcl-1 promoter, coupled with the fact that it cannot bind to the critical region of the promoter, strengthens the idea that DNA binding is critical for E2F-mediated repression of the Mcl-1 promoter. However, these results do not rule out the possibility that other functions that may be speci®c to E2F1 may also be required for repression to occur. That is, E2F1 may interact with proteins that other members of the E2F family do not ± which may contribute to E2F1-mediated repression of Mcl-1. Further studies will be required to elucidate the precise mechanism by which E2F1 represses Mcl-1 expression.
At this time, several possibilities exist regarding the mechanism of direct repression of the Mcl-1 promoter that is induced by E2F1 expression. Because the minimally required region of E2F1 that is necessary for repression does not include the transactivation/Rbbinding domain (Croxton et al., 2001 ), it appears that recruitment of Rb family members is not necessary for mediating this eect. Consequently, it is doubtful that this repression is occurring through the recruitment of histone deacetylases to the Mcl-1 promoter, since numerous reports have indicated that E2F1 must be associated with Rb in order to tether histone deacetylase activity to a given promoter (Brehm et al., 1998; Luo et al., 1998; Magnaghi-Jaulin et al., 1998) . One plausible explanation for E2F1-mediated repression, given the data at hand, is that E2F1 binding to the Mcl-1 promoter prevents occupancy of the promoter by some required activating factor. Along this rationale, this proposed mechanism may not be restricted to the prevention of association of one activating factor with the Mcl-1 promoter, but rather E2F1 may disrupt a larger, more elaborate activating complex from forming on the Mcl-1 promoter DNA. There is some preliminary evidence to support this theory. Speci®cally, EMSAs performed on the 7203/ +10 Mcl-1 promoter using adenovirus-infected T98G cell extracts demonstrate a large, slowly-migrating complex that forms in control (Ad-Con-infected) lysates; whereas upon E2F1 expression (Ad-E2F1-infected), this complex is apparently disrupted and a smaller, faster migrating complex then appears (unpublished data, R Croxton). Of course, further experimentation is needed to corroborate or refute these possibilities and these studies are ongoing in our laboratory. Elucidation of these issues will contribute signi®cantly to our understanding of the speci®city of function observed among the dierent members of the E2F family in a variety of cellular processes.
Materials and methods
Plasmids
E2F expression plasmids (E2Fs 1 ± 5) were cloned into the pcDNA3 expression vector. The Mcl-1 promoter reporter constructs, 7203/+10-pGL2 (a kind gift from Dr PK Burnette, Mott Research Center) and 7143/+10-pGL2 have been previously described (Chao et al., 1998; Croxton et al., 2001) .
Tissue culture
NIH3T3 murine ®broblast cells were grown in DMEM+5% calf serum and incubated at 378C with 5% CO 2 . T98G human glioblastoma cells were grown in DMEM+10% fetal bovine serum and incubated at 378C with 5% CO 2 .
Adenovirus infection
Both NIH3T3 and T98G cells were infected with adenoviruses using identical conditions. Speci®cally, cells were grown to *70% con¯uency, then starved for 48 h in DMEM+0.5% calf serum. Starvation media was aspirated, cells were counted, and the appropriate amount of adenovirus was added to each plate to yield a multiplicity of infection of 10 to 1. Fresh starvation media was added and cells were incubated with the adenovirus for 48 or 72 h prior to harvest. Adenoviruses used (Ad-Con, Ad-E2F1 and Ad-E2F4) were a kind gift from Dr Tim Kowalik (University of Massachusetts, MA, USA). Viruses were ampli®ed and titered by plaque assay using 293 cells grown in DMEM+5% FBS.
Cell transfection
T98G cells were grown to *70% con¯uency, fresh media was added, and cells were transfected with appropriate combination of plasmids (totaling 20 mg DNA per plate) via the calcium phosphate method as previously described . The calcium phosphate solution was allowed to precipitate on the cells overnight, followed by washing twice in sterile 16PBS. The cells were fed and incubated an additional 24 h prior to harvest.
Cell fractionation
Upon harvesting transfected T98G cells (described above), cytoplasmic and nuclear fractions were prepared. Brie¯y, cells were scraped, pelleted and lysed for 1 min in a hypotonic buer (20 mM HEPES, pH 7.5; 1 mM EDTA; 1 mM EGTA; 20 mM NaF, 1 mM Na 3 VO 4 , 1 mM Na 4 P 2 O 7 ; 1 mM DTT; 0.5 mM PMSF; 16protease inhibitor cocktail) to obtain cytoplasmic lysates. The remaining pellets (nuclei) were then extracted with a high salt buer (20 mM HEPES, pH 7.5; 420 mM NaCl; 1 mM EDTA; 1 mM EGTA; 20% glycerol; 20 mM NaF, 1 mM Na 3 VO 4 ; 1 mM Na 4 P 2 O 7 ; 1 mM DTT; 0.5 mM PMSF; 16protease inhibitor cocktail) and rocked for 30 min at 48C followed by centrifugation for 20 min at *10 000 g to remove cellular debris.
Northern and Western blots
Total RNA was prepared from adenovirus-infected NIH3T3 cells using the RNeasy kit (QIAGEN). Twenty micrograms of RNA was loaded in each lane of the Northern blot. Mcl-1 and GAPDH probes for Northern blot were created using DNA fragments isolated from expressed sequence tagged clones (Research Genetics) and were 32 P-labeled using a random primed cDNA labeling kit (Sigma). Western blots were performed as previously described (Flores et al., 1998; He et al., 2000) using the following antibodies from Santa Cruz in the respective blots: anti-E2F1 (sc-251), anti-E2F4 (sc-866) and anti-Sp1 (sc-59-G). The actin antibody used was a hybridoma supernatant from Sigma (#A5441).
Reporter assays
T98G cells were transfected with 300 ng of expression plasmid (pcDNA3 or E2F-pcDNA3), 10 mg of reporter ®re¯y luciferase plasmid (7203/+10-Mcl-1-pGL2 or ± 143/+10-Mcl-1-pGL2), 2 mg of renilla luciferase plasmid (pRL-TK), and carrier DNA (sheared salmon sperm DNA) to equal 20 mg total DNA in each transfection. Transfection procedures are indicated above, and luciferase assays were performed according to the manufacturer's protocol using the Dual Luciferase Reporter Assay System (Promega). To control for transfection eciency, ®re¯y luciferase values were normalized to the values for renilla luciferase. All experiments were performed at least three times, and error bars demonstrate the standard deviation from the mean value.
Electrophoretic mobility shift assays (EMSA)
EMSAs were performed as previously described (Flores et al., 1998; He et al., 2000) . Twenty micrograms of protein were loaded in each lane. The probes used were generated by restriction digestion of plasmids containing speci®c promoter sequences (DHFR: EcoRI/HindIII 90 bp fragment from DHFR-CAT; 7203/+10-Mcl-1: KpnI/HindIII 213 bp fragment from 7203/+10-Mcl-1-pGL2; 7143/+10-Mcl-1; EcoRI/HindIII 153 bp fragment from 7143/+10-Mcl-1-pALTER1). Antibody supershifts were performed using 100 ng of antibody per lane. Antibodies used include the following: anti-E2F1 (sc-251X, Santa Cruz) and anti-E2F4 (monoclonal hybridoma supernatant, kind gift from Dr Jacqueline Lees, MIT).
